Final-state read-out of exciton qubits by observing resonantly excited 
photoluminescence in quantum dots 
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We report on a new approach to detect excitonic qubits in semiconductor quantum dots by observ- 
ing spontaneous emissions from the relevant qubit level. The ground state of excitons is resonantly 
excited by picosecond optical pulses. Emissions from the same state are temporally resolved with 
picosecond time resolution. To capture weak emissions, we greatly suppress the elastic scattering of 
excitation beams, by applying obliquely incident geometry to the micro photoluminescence set-up. 
Rabi oscillations of the ground-state excitons appear to be involved in the dependence of emission 
intensity on excitation amplitude. 



Precise detection of a single quantum is a key require- 
ment for establishing quantum information processing in 
solid states. Single-shot read-out of an individual elec- 
tron spin has been realized in a mesoscopic quantum dot 
(QD) using a conductance technique For excitons in 
self- assembled QDs, the final state after coherent manip- 
ulations is determined, in principle, when single-photon 
spontaneous emissions associated with the exciton an- 
nihilation are confirmed. In reality, however, such a 
straightforward approach has not been followed, because 
of a small signal of the photon emission: In the frame- 
work of exciton-based quantum computations, a qubit is 
manipulated by intense resonant fields, which obscure a 
signal emitted by a single QD. 

To avoid this difficulty, several groups have taken an 
alternative approach to implement a fundamental qubit 
gate. Refs. 0, reported on Rabi oscillations of the 
excited level of excitons, where they measured photoe- 
missions from the ground-state level to read out a final 
state. Refs. i andi demonstrated very sensitive pho- 
tocurrent detections for a single QD state. In both cases, 
however, the relevant qubit had to be surrounded by a 
fast relaxation/tunneling channel for its high- yield detec- 
tion. Such a design naturally results in serious reduction 
in the decoherence times. Moreover, Refs. and d ob- 
served transient absorption of ground-state excitons in a 
single QD. In this case, the small absorption cross section 
required them to make modulation-based, long-term av- 
eraging, measurements, which are unfavorable for quan- 
tum computational applications. Later, Rabi oscillations 
of ground state excitons were investigated in ensemble 
QDs by means of nonlinear optical techniques 0, [To| . 

In the present study, we observed spontaneous emis- 
sions from ground-state excitons after strictly resonant 
excitation. Great care was taken to reduce the elastic 
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FIG. 1: (color online) (a) Experimental set-up for the mea- 
surement of resonantly-excited single QD photoluminescence: 
(b) Micro PL spectrum of QD ensembles at off-resonant exci- 
tation (solid line) and the spectrum of the lasers for resonant 
pulsed excitation (dotted line). The expanded view is shown 
in (c). 



scattering of excitation beams. For this purpose, we ir- 
radiated the sample with a nearly-plane- wave field of k- m , 
and collected the signal that was generated into a differ- 
ent mode, feout) where k la ^ feout- By applying such a 
non-conventional geometry together with time-resolved 
detection, we have successfully identified resonant emis- 
sions. Up to now, resonantly-excited emissions had only 
been studied with focusing a large number of QDs. [1JJ 
The measurement of resonantly-excited emissions offers 
highly sensitive read-out for the qubit final state, since 
the emission intensity is proportional to the probability 
of finding an exciton in the QD. As a demonstration of 
qubit manipulations, we have observed Rabi oscillations, 
i.e., single qubit rotational gates and their read out. 

The experiments were performed in GaAs self- 
assembled QDs in an Alo.3Gao.7As barrier, grow n by the 
droplet epitaxial technique (Koguchi method) [12, 0, 
[lij ]. Atomic force microscopy and high- resolution scan- 
ning electron microscopy demonstrated the formation of 
lens-shaped QDs of 16 nm in height and 20 nm in base 
radius, with a surface density of 1.0 x 10 10 cm -2 . Photo- 
luminescence (PL) of the QD ensemble showed a broad 
spectral band centering at 1.73 eV with 120 meV in full 
width at half maximum (FWHM). [lj| 

Figure [Ha) shows a layout of our set-up. A mode- 
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locked Ti-sapphire laser was used for excitation. It pro- 
duced picosecond pulses with 0.3 nm FWHM and 76 MHz 
in repetition rate. The photon energy was chosen to 
be 1.754 eV, that excited a high energy side of the en- 
semble PL spectrum - see Fig. [ljb). The beam was 
obliquely incident on the sample with the angle of in- 
cidence set at ^60 degrees, nearly corresponding to the 
Brewstar angle of our cryostat window and that of the 
sample. Application of the p polarization to the excita- 
tion beams greatly reduced nonresonant elastic scatter- 
ing. The beam was loosely focused by a convex lens with 
100 mm focal length. The excitation spot on the sample 
was characterized as an elliptic shape of 90 /im in the 
major axis and 40 /im in the minor axis. 

Emissions normal to the surface were collected by an 
abbreviation-corrected micro objective of N.A. (numeri- 
cal aperture) = 0.55. The objective was attached to a 
three-axis translator, to allow for precise movement in 
the position of detection. Behind the objective lens, a 
linear polarizer was inserted to reject the colinear po- 
larized component of excitation/scattering lights. Then, 
the beam was focused on a pinhole acted as spatial filter 
with a detection spot of 1.0 fixn in diameter. For this 
configuration, the spot of excitation was much larger 
than that of detection, so that the QDs were homoge- 
neously irradiated, allowing us to determine excitation 
density with high accuracy. After passing through the 
spatially-filtering device, the signal was fed into the en- 
trance slit of a polychromator, and temporally resolved 
by a synchronously scanning streak camera. Temporal- 
and spectral resolutions of our set-up were 5 ps and 
0.8 meV, respectively. For spectral analysis, the emis- 
sion signals were measured by a spectrometer equipped 
with a cooled charge-coupled device, whose minimal res- 
olution was 0.15 meV in FWHM. During the experiment, 
the sample was attached to a cold finger of a liquid he- 
lium cryostat. All experiments were performed at 4 K. 

We should mention that the present set-up allows us to 
observe single-QD PL, although the density of our QDs 
is relatively high. This is due to a small spectral width 
of our excitation pulses. We estimate the average num- 
ber of QDs inside the spot of detection to be 80, while 
the number of excited QDs decreases to ~0.5, accord- 
ing to the narrow spectral band of excitation pulses. In 
Figs.QTb) an d ( c ) 7 we show the comparison between the 
micro PL spectrum of our sample and the spectrum of 
excitation laser pulses, suggesting a high probability of 
exciting a single QD. Note that the linewidth of a sin- 
gle QD PL was precisely observed to be ~40 /iteV by 
means of the Fourier transform technique 16]. The PL 
linewidth is, therefore, much smaller than that of excita- 
tion pulses. In this case, the laser energy must coincide 
with the transition energy of a QD, otherwise no QDs 
would be efficiently excited. To achieve such a resonant 
condition, we moved the position of detection in a pre- 
cise manner, until we could capture a highly-luminescent 
QD, and observe strong resonant PL signals. 

Temporal development of PL emissions after pulsed 
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FIG. 2: (color online) Temporal evolution of PL emissions 
from a single QD after resonant pulsed excitation. The solid 
line presents a fit to an exponential function. Transient PL 
spectra recorded at ps, 100 ps and 300 ps are shown in the 
inset. The spectra are normalized to their maxima. 



resonant excitation is shown in Fig. O An intense signal 
at ps reflects residual elastic scattering of excitation 
pulses, caused by the surface roughness of our sample 
and/or other dielectric materials. Following this instan- 
taneous component, a decaying signal is clearly observed. 
This is associated with spontaneous emissions of the QD 
which was resonantly excited. The decay time is esti- 
mated to be 220 (±10) ps. The spectral line width of the 
decay signal is found to be smaller than our instrumen- 
tal response, as shown in the inset of Fig. O Moreover, 
there is no measurable Stokes shift with time. These 
measurements demonstrate that there is no significant 
carrier tunneling, and emissions are produced by the QD 
which has been resonantly excited. 

In Fig. [3] we plot the dependence of the intensity of 
single QD emissions on excitation density. The emission 
intensity is evaluated by the temporal integration of the 
decaying signal after removing the scattering component. 
Note that the horizontal axis in Fig. [3] is scaled by the 
square root of excitation density, since it is proportional 
to the pulse area, that is, the angle for the qubit rota- 
tion. An oscillatory feature is clearly found to appear in 
the density dependence; with increasing excitation den- 
sity, the signal increases initially, then decreases, and fi- 
nally increases again, until the excitation density reaches 
the maximum power available. It is notable that decay 
times indicate no significant change with varying density, 
as shown in the lower panel of Fig. [3j Thus, the pecu- 
liar dependence is not connected to excitation-induced 
nonradiative dynamics, associated with several kinds of 
incoherent scatterings and/or sample heating. Rather, 
the observed feature originates from Rabi oscillations, 
i.e., occupation exchanges of a two- level system through 
coherent excitations. 

In the case of an ideal two-level system, Rabi oscilla- 
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FIG. 4: (color online) Polarized PL spectra of a single GaAs 
QD with varying angle of linear polarization. The energy of 
excitation was above the (Al,Ga)As barrier. The inset shows 
the integrated intensities as a function of polarization angle. 



FIG. 3: (color online) (top) Dependence of the time- 
integrated intensity of single QD resonant emissions on ex- 
citation amplitude. Fit to the data is shown by the solid line. 
A schematic view of resonantly-excited emissions is shown in 
the inset, (bottom) Decay times of the PL transients as a 
function of excitation amplitude. 

tions are expected to follow, 

/(*) oc sin 2 [e(i)/2] , 6(t) = % [ E(t')dt', (1) 

n J-oo 

where D and E(t) are a dipole moment and a field enve- 
lope, respectively. For short pulsed excitation, we mea- 
sure the emission intensity after so that I(t — » oo). The 
parameter 0(i — > oo) = is known as pulse area. Ac- 
cording to Eq. [H the oscillation behaves as a sinusoidal 
curve, while our result suggests the presence of other 
components being superimposed on the oscillation. We 
attribute these components to the emissions of the ex- 
cited states of other QDs, and/or the spectral contin- 
uum typically appearing at high excitation, caused by 
a coupling between QDs and an two-dimensional layer. 
We take account of this effect by simply introducing a 
linearly-dependent term to Eq. [TJ that is, 

I(t -> oo) cx sin 2 (6/2) + a0 2 . (2) 

Note that the term 2 is proportional to excitation inten- 
sity. This expression well reproduces our result as shown 
in Fig. El 

We can determine the dipole moment of our QD by an- 
alyzing Rabi oscillations: We assume a hyperbolic secant- 
squared pulse, E{t) = E sech(t/T p ), where 1.763 x r p 
gives FWHM in the field envelope. The pulse area in 
this case is expressed by = T>EoirT p /h. According to 

the fit, we find = ir at 16 (±2)^/w/cm 2 , corresponding 

to pulse energy density P = 0.21 (±0.03) /zJ/cm 2 /pulse. 
The field amplitude Eq is obtained by the expression 



of electro-magnetic energy inside a pulse packet, i.e., 
P = cneo J \E(t')\ 2 dt' — cneoE^Tp, where c and n are 
the speed of light in a vacuum, and a refractive index, 
respectively. 

The pulse temporal width t p in the above treatment is 
defined for the case of Fourier-transform limited pulses, 
but not for actual pulses. For general chirped pulses, the 
time t p agrees well with the FWHM of the first-order 
correlation function of excitation pulses (<7^( r ))- So we 
evaluated the correlation function using a Michelson-type 
interferometer, and determined it to be t p — 2.4 ps. With 
n = 3.6 for GaAs, we eventually obtained the dipole 
moment of our QD, V = 23 (±4) debye. 

Since the spatial extent of QDs is much smaller than 
the wavelength of light, the spontaneous emission is ex- 
pected to follow the atomic two-level description. The 
decay rate in a material is, therefore, given by the Ein- 
stein A coefficient, [17( 



where to is the angular frequency of light. By substitut- 
ing V — 23 (±4) debye and other material parameters 
into Eq. El we find T^ 1 = 590 (+ 2 ^) ps. This value is, 
however, significantly larger than the PL decay time that 
was observed in PL transients (220 ps). The reduction in 
PL decay time compared with the ideal value may have 
arisen from the effect of nonradiative relaxation involved 
in our QDs. Further studies are needed to clarify the 
origin of the rapid PL relaxation. 

Finally, we discuss on the spin property in our QDs: 
We observed the emission signals whose polarization was 
perpendicular to that of the excitation beams. The pres- 
ence of such emissions suggests the time scale of depo- 
larization (i.e., spin coherence relaxation) being smaller 
than that of recombination. A possible origin for the fast 
spin decoherence is a lowering of the spherical symmetry 
due to shape anisotropy depending on each dot. Note 
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that our GaAs/ (Al, Ga)As QDs are free from strain, and 
the fine energy split is considered to be small, or possi- 
bly absent. In Fig. 4 we show polarized PL spectra with 
varying angle of polarization, indicating the spectral shift 
being far below resolution (< 50 /xeV). The situation is 
contrast to Stranski-Krastanow grown QDs [18(. More- 
over, the Fourier-transform measurement confirmed the 
exciton PL consisting of a single spectral component • 
As a result, spin-related sublevels are mostly degenerate 
in our QDs, and energetic relaxation is not involved in 
our present excitation/detection scheme. 

In summary, we demonstrated the read out of excitonic 
qubits in GaAs QDs by observing time-resolved sponta- 



neous emissions. Weak emissions from QDs were success- 
fully captured by suppressing the scattering of excita- 
tion beams. Excitonic Rabi oscillations were observed in 
the excitation-intensity dependence of spontaneous emis- 
sions. We believe that our method provides a simple and 
effective technique to read out the final state of an exci- 
tonic qubit. Application of this technique to high-yield, 
single-photon emitting devices could enable single-shot 
detection in single exciton qubits. 

The authors would like to thank T. Ochiai, J. Inoue, 
M. Yamagiwa, and Professor M. Kawabe for their fruitful 
discussions. 
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